Viral protease inhibitors are remarkably effective at blocking the replication of viruses such as human immunodeficiency virus and hepatitis C virus, but they inevitably lead to the selection of inhibitor-resistant mutants, which may contribute to ongoing disease. Protease inhibitors blocking the replication of coronavirus (CoV), including the causative agents of severe acute respiratory syndrome (SARS) and Middle East respiratory syndrome (MERS), provide a promising foundation for the development of anticoronaviral therapeutics. However, the selection and consequences of inhibitor-resistant CoVs are unknown. In this study, we exploited the model coronavirus, mouse hepatitis virus (MHV), to investigate the genotype and phenotype of MHV quasispecies selected for resistance to a broad-spectrum CoV 3C-like protease (3CLpro) inhibitor. Clonal sequencing identified single or double mutations within the 3CLpro coding sequence of inhibitor-resistant virus. Using reverse genetics to generate isogenic viruses with mutant 3CLpros, we found that viruses encoding double-mutant 3CLpros are fully resistant to the inhibitor and exhibit a significant delay in proteolytic processing of the viral replicase polyprotein. The inhibitor-resistant viruses also exhibited postponed and reduced production of infectious virus particles. Biochemical analysis verified double-mutant 3CLpro enzyme as impaired for protease activity and exhibiting reduced sensitivity to the inhibitor and revealed a delayed kinetics of inhibitor hydrolysis and activity restoration. Furthermore, the inhibitor-resistant virus was shown to be highly attenuated in mice. Our study provides the first insight into the pathogenicity and mechanism of 3CLpro inhibitor-resistant CoV mutants, revealing a low genetic barrier but high fitness cost of resistance.
T reatment of viral infections with antiviral drugs leads to selection within the quasispecies and the amplification of drug-resistant mutants (1) (2) (3) . The pathogenicity of drug-resistant mutants is a primary concern for the implementation of antiviral therapies. The virulence of drug-resistant mutants of human immunodeficiency virus type 1 (HIV-1) was the major factor contributing to the failure of single-drug antiretroviral trials (4) . In contrast, acyclovir-resistant mutants of herpes simplex virus with viral thymidine kinase deficiency are attenuated in immunocompetent individuals (5) , which allows for effective single-drug therapy. Investigating the pathogenicity of drug-selected viral quasispecies is important for understanding viral pathogenesis and informative for antiviral drug design and therapeutic approaches.
Coronaviruses (CoVs) are a large family of RNA viruses that cause illness in animals, including humans, with symptoms ranging from common colds to severe and fatal respiratory or gastrointestinal infection. Emerging coronaviruses have become a sig-nificant threat to human health. The most infamous CoV, severe acute respiratory syndrome coronavirus (SARS-CoV), caused the outbreak of 2002-2003 with more than 8,000 infected people and a 10% mortality rate (6) . A recently emerged coronavirus detected in Saudi Arabia (7) , designated Middle East respiratory syndrome coronavirus (MERS-CoV) (8) , has infected at least 536 people, with 145 deaths as of 7 May 2014 (9) . Besides SARS-CoV and MERS-CoV causing severe respiratory syndrome, four other human coronaviruses are associated with mild to moderate respiratory diseases, including human CoV 229E (HCoV-229E) (10), HCoV-OC43 (11) , HCoV-NL63 (12, 13) , and HCoV-HKU1 (14) . These endemic human coronaviruses are recognized to cause primarily upper respiratory tract infection and occasionally lower respiratory tract disease in elderly, newborn, and immunocompromised individuals (15) . Important for antiviral therapy, analysis of respiratory samples from SARS patients showed that peak viral titers occurred 10 days after the onset of fever, indicating a potential "window" period for antiviral therapy (16) . Efforts are under way to identify specific antiviral inhibitors of SARS-CoV and MERS-CoV that target viral entry or replication (reviewed in reference 17).
Coronaviruses contain the largest known RNA genome, which ranges in size from 27 to 32 kb for different CoVs and encodes a replicase polyprotein that is processed by viral proteases, the papain-like protease (PLP) and the 3C-like protease (3CLpro, also known as the main protease). The PLP domain within nonstructural protein 3 (nsp3) cleaves the replicase polyprotein to generate nsp1 to nsp3 (18) , while 3CLpro (nsp5) mediates the cleavage of nsp4 to nsp16 (19) . Because of their essential role in viral replication, both proteases are considered attractive targets for antiviral therapeutics. Numerous protease inhibitors have been synthesized and identified to inhibit protease enzymatic activity and block CoV replication in cell culture (20) (21) (22) (23) (24) (25) (26) . As 3CLpro is the main protease and structurally conserved among CoVs (27) (28) (29) (30) (31) , the 3CLpro protease inhibitors have been intensively studied (20, 21, 23, 24, 27, 28, (31) (32) (33) (34) . However, the probability of developing resistance (the genetic barrier) and the effect of resistance on the replication capacity (the relative viral fitness) have not been investigated for coronaviruses.
In the present study, we exploited the murine coronavirus, mouse hepatitis virus (MHV), as a model system to study the phenotype, genotype, and pathogenicity of viruses resistant to a broad-spectrum 3CLpro inhibitor, GRL-001. GRL-001 is a 5-chloropyridyl ester-derived compound which has been shown to inhibit 3CLpro enzymatic activity of SARS-CoV and MERS-CoV (24, 35) and to block the replication of SARS-CoV, MERS-CoV, and bat coronavirus HKU5 (24, 36) . Therefore, GRL-001 is a potential lead compound for developing anticoronavirus therapeutics. We selected for inhibitor-resistant MHV by serially passaging the virus in the presence of GRL-001 and then evaluated the replication and pathogenicity of isogenic viruses generated using reverse genetics. This study represents the first investigation of the 3CLpro enzymatic activity and pathogenicity of a protease inhibitor-resistant virus and illustrates the low genetic barrier but high fitness cost of resistance.
MATERIALS AND METHODS

Cells and virus.
Delayed brain tumor (DBT) cells (37) and baby hamster kidney 21 cells expressing the MHV receptor (BHK-MHVR) were used for all experiments. The DBT cells were grown in modified Eagle's medium (MEM) supplemented with 10% tryptose phosphate broth (TPB) media, 5% heat-inactivated fetal calf serum (FCS), 2% penicillin-streptomycin, and 2% glutamine. The BHK-MHVR medium was Dulbecco's modified Eagle medium (DMEM) (Invitrogen) supplemented with 10% heat-inactivated FCS and G418 (0.8 mg/ml; Hy-Clone) to maintain selection for MHVR expression. Wild-type (WT) MHV strain A59 (GenBank accession no. AY910861) generated by reverse genetics was the parental strain used for inhibitor selection and mouse infection studies.
Selection of inhibitor-resistant mutants. In order to isolate inhibitor-resistant mutants, the WT MHV strain was serially passaged on DBT cells in the presence of increasing concentrations of GRL-001. Briefly, confluent DBT cell monolayers were infected with WT virus at a multiplicity of infection (MOI) of 0.1 and subsequently incubated for 24 h at 37°C in postinfection medium (MEM with 100 IU/ml of penicillin, 100 g/ml of streptomycin, and 5% FCS) supplemented with GRL-001 at 1ϫ the 50% effective concentration (EC 50 ). GRL-001 concentrations were increased to a concentration of 2ϫ the EC 50 of GRL-001 during the 3rd and 4th passages. Aliquots of final-passage viruses were subjected to plaque assay, and the viral plaques were isolated for further propagation. The RNA of plaque-purified virus was extracted, and the nsp5 gene of these virus clones was sequenced with primers (available upon request).
Recovery of infectious clone 3CLpro mutant MHVs. To generate the 3CLpro mutant MHV, nucleotide changes were introduced into the C fragment of the MHV reverse genetics system as described previously by Yount et al. (38) by site-directed mutagenesis PCR with primers (available upon request). The C fragment with mutations was verified by sequencing. Viral RNA generated from an in vitro transcription reaction by using ligated genomic cDNA fragments was electroporated into BHK-MHVR cells. Cell supernatant was collected as viral stock when electroporated cells demonstrated abundant cytopathic effects. All infectious clones of 3CLpro mutant virus were plaque purified and propagated on DBT cells. 3CLpro mutations of mutant virus was verified by RT-PCR amplification and sequencing of nsp5.
Antiviral-activity assay. DBT cells at a density of approximately 1 ϫ 10 4 cells per well in a 96-well plate were either mock infected with serum-free MEM or infected with an MOI of 1 in 100 l of serum-free MEM and incubated for 1 h at 37°C. The viral inoculum was removed after 1 h of incubation, and then 100 l of MEM, supplemented with 5% FCS and the GRL-001 inhibitor at final concentrations ranging from 3.125 to 50 M, was added. Cells were then incubated for 48 h at 37°C with 5% CO 2 . All controls and each inhibitor concentration were set up in triplicate, and the antiviral-activity assays were performed independently on at least two separate occasions. Cell viability was determined approximately at 24 h after infection using the Cell-Titer Glo luminescent cell viability assay (Promega). The EC 50 s were determined using a nonlinear regression program with Prism 5 software (GraphPad, La Jolla, CA).
Plaque size comparison and viral growth kinetics. To compare the plaque sizes of WT and mutant viruses, a plaque assay was performed on DBT cells. Briefly, DBT cells in 6-well plates were infected with series diluted viral stock for 1 h at 37°C, followed by overlaying with a 0.4% Noble agar-MEM mixture. Plates were incubated at 37°C for 48 h and fixed by 4% formaldehyde solution for 1 h. Viral plaques were visualized by staining with crystal violet and photographed. The area of plaques was calculated by using Photoshop CS software (Adobe). To analyze the growth kinetics of mutant virus, DBT cells were infected with an MOI of 0.1 at 37°C for 1 h and the medium was replaced with fresh MEM containing 2% FCS. Cell supernatant was harvested at various time points and titrated on DBT cells as described above. The average titer of each time point was calculated from three plaque assays.
Radiolabeling of newly synthesized proteins and RIPAs. DBT cells were infected with WT or double-mutant virus at an MOI of 1 and incubated at 37°C for 1 h. Newly synthesized proteins were metabolically labeled with 50 Ci/ml of [ 35 S]-translabeled methionine (ICN, Costa Mesa, CA) for 30 min, followed by chase at 30-min intervals. At the time of harvesting, radioactively labeled cells were washed with phosphate-buff-ered saline (PBS), and cell lysates were prepared by scraping the cells in lysis buffer A (4% SDS, 3% dithiothreitol [DTT], 40% glycerol, and 0.065 M Tris [pH 6.8]) (39) . The lysates were either used directly for immunoprecipitation assays or stored at Ϫ70°C for future studies. Radiolabeled cell lysate was diluted in 1.0 ml of radioimmunoprecipitation assay (RIPA) buffer (0.5% Triton X-100, 0.1% SDS, 300 mM NaCl, 4 mM EDTA, and 50 mM Tris-HCl [pH 7.4]) (39) and subjected to immunoprecipitation with anti-nsp5 or -nsp8 rabbit polyclonal antibodies (40) and protein G magnetic beads (Millipore). The immunoprecipitated products were eluted with 2ϫ Laemmli sample buffer (Bio-Rad), incubated at 37°C for 30 min, and analyzed by electrophoresis on a 10% or 5 to 12.5% gradient polyacrylamide gel containing 0.1% SDS. Following electrophoresis, the gel was fixed in 25% methanol-10% acetic acid, enhanced with Amplify solution (Amersham Biosciences) for 60 min, dried, and exposed to Kodak X-ray film.
Mouse experiments. Four-week-old C57BL/6 mice purchased from The Jackson Laboratory were intracranially inoculated with 600, 1,200, or 3,000 PFU of WT or mutant MHV. Fourteen-week-old IFNAR Ϫ/Ϫ (C57BL/6 background) mice were initially obtained from Deborah Lenschow (Washington University in St. Louis), bred, and maintained at Loyola University Chicago in accordance with all federal and university guidelines. IFNAR Ϫ/Ϫ mice were infected intraperitoneally with 50 PFU of WT or mutant MHV. Infected mice were monitored for body weight daily and euthanized when the weight loss was over 25% according to the protocol. Graphs of survival rate and weight loss were generated by Prism 5 software. The statistical analyses of survival rate and weight loss were conducted with log rank test and 2-way analysis of variance (ANOVA) test, respectively.
In vitro assays for enzymatic activity of 3CLpro. The enzymatic efficiencies (k app ) of both 3CLpro-WT and 3CLpro-T26I/D65G were determined at ambient temperature and 37°C. The total concentration of the UIVT3 substrate was varied to give final concentrations of 0.125, 0.25, 0.5, 1.0, 1.5, and 2.0 M. After separate incubations of the assay buffer and UIVT3 substrate at the appropriate temperature for 20 min, 3CLpro was added to the wells containing assay buffer, yielding a final 3CLpro concentration of 100 nM. The plates were further incubated at the appropriate temperature for 5 min, after which the reaction was initiated by the addition of 20 l of the appropriate concentration of substrate. The fluorescence intensity of the reaction was then measured over time as relative fluorescence units (RFUs) for a period of 11 min, using an excitation wavelength of 485 nm and a bandwidth of 20 nm and monitoring emission at 528 nm and a bandwidth of 20 nm using a BioTek Synergy H1 multimode microplate reader. The initial reaction rates (V i ) were determined by calculating the initial slope of the progress curve, which was then converted to the amount of product (M) produced per minute using the experimentally determined value of the fluorescence extinction coefficient for UIVT3. Plotting V i /[enzyme] versus [UIVT3] gave a linear correlation, the slope of which was taken to be k app . These values were determined in the nonlinear regression program SigmaPlot.
Determination of IC 50 of GRL-001 for WT and T26I/D65G MHV 3CLpro. The 50% inhibitory concentrations (IC 50 s) for both WT and T26I/D65G MHV 3CLpros were determined at ambient temperature (25°C) and 37°C. The GRL-001 inhibitor was tested at concentrations of 0.1, 0.25, 0.5, 1, 2.5, 5, 10, and 25 M. The inhibitor was added to 100 nM enzyme in assay buffer, and the enzyme-inhibitor mixture was incubated for 20 min at the appropriate temperature. The reaction was initiated by the addition of 2 M UIVT3 substrate. The fluorescence intensity of the reaction was then measured over 20 min. The inhibition of the 3CLpro enzymes by GRL-001 was monitored by following the change in RFUs over time, using the initial slope of the progress curve to determine the initial rate. The percent inhibition of the 3CLpro enzymes was then plotted as a function of inhibitor concentration. IC 50 s were determined for both WT and T26I/D65G at both ambient temperature and 37°C using the nonlinear regression program Sigma-Plot.
Esterase activities of WT and T26I/D65G MHV 3CLpro toward GRL-001 inhibitor. To determine the qualitative rate of hydrolysis of GRL-001 by both WT and T26I/D65G MHV 3CLpro enzymes at ambient temperature and 37°C, the enzymes were incubated with two equivalents of the inhibitor at the appropriate temperature and their activities were tested over the course of 6 h. At each time point, 10 l of enzyme-inhibitor stock reaction mixture was added to 70 l of assay buffer in triplicate and the reaction was initiated by the addition of 20 l of 5 M UIVT3 substrate, resulting in a final concentrations of 100 nM, 200 nM, and 1 M for 3CLpro, GRL-001, and UIVT3, respectively. The fluorescence intensity of the reaction was then measured at specific time points as RFUs for a period of 5 min, using an excitation wavelength of 485/20 nm and monitoring emission at 528/20 nm using a BioTek Synergy H1 multimode microplate reader. The time course of the GRL-001 hydrolysis reaction (and subsequent reactivation of the enzyme) was followed by monitoring the change in RFUs over time; the initial slope of the progress curve was then converted to the amount of product (M) produced per minute using the experimentally determined fluorescence extinction coefficient for the UIVT3 substrate. The raw RFU values were corrected for background fluorescence. This value (M UIVT3 hydrolysis product produced per minute) was then taken as a percentage of the uninhibited enzyme value and plotted over time.
Sequence alignments and modeling of MHV nsp5 structures. The amino acid sequences of crystalized 3CLpros were retrieved from the Protein Data Bank (PDB) (HKU1, 3D23; SARS-CoV, 2V6N; HKU4, 2YNA; transmissible gastroenteritis virus [TGEV], 1LVO; 229E, 1P9S; NL63, 3TLO; and infectious bronchitis virus [IBV], 2Q6D) or GenBank for those without crystal structures (MHV-A59, NP_740610; OC43, NP_937947; MERS-CoV, AFY13306; and HKU5, YP_001039961). Sequences were aligned by the MUSCLE (multiple-sequence comparison by log expectation) algorithm. The X-ray crystal structures of SARS-CoV 3CLpro (PDB identification number [PDB ID], 2V6N) and HCoV-HKU1 3CLpro (PDB ID, 3D23) were used as a structural model of comparison (23, 29) . Structural alignment and annotations were generated using PyMol (DeLano Scientific).
RESULTS
Selection of MHV-A59 inhibitor-resistant viruses and identification of residues associated with resistance.
To study the properties of inhibitor resistance in coronaviruses, 3CLpro inhibitor GRL-001 (also termed CE-5) was used to select for inhibitor-resistant MHVs. We found that the EC 50 of GRL-001 for MHV-A59 was 8.5 Ϯ 0.3 M (Fig. 1A) . To obtain inhibitor-resistant viruses, wild-type (WT) MHV was serially passaged in the presence of GRL-001 at a concentration of 1ϫ the EC 50 for two passages and further passaged in the presence of GRL-001 at a concentration of 2ϫ the EC 50 for two additional passages. We observed cytopathic effect (syncytium formation) in virus-infected cells after four passages ( Fig. 1B) , consistent with the presence of inhibitor-resistant viruses that had been selected and amplified during the passaging process. The supernatant collected from serial passage 4 was designated inhibitor-resistant passage 4 (MHV-P4).
To identify the mutation(s) associated with GRL-001 resistance, viruses within the MHV-P4 supernatant were plaque purified and the viral RNA isolated from individual plaques was subjected to reverse transcription-PCR (RT-PCR) amplification of the 3CLpro region. Sequence analysis of 31 plaque isolates revealed single nucleotide changes at multiple genome sites of 10285 (ACA¡AUA), 10402 (GAU¡GGU or GCU), and 11101 (GCU¡GAU), which led to single-or double-mutant genotypes within 3CLpro: single mutants with changes of threonine 26 to isoleucine (T26I) or aspartic acid 65 to glycine or alanine (D65G or D65A) and T26I/D65G, T26I/D65A, or T26I/A298D double mutants. We found that the T26I/D65G double mutant was the most frequently identified genotype, with 61% (19/31) of the plaque-purified isolates showing these mutations (Fig. 1C ). These results demonstrate that only one nucleotide change is sufficient to gain amino acid substitutions at 3CLpro T26, D65, and/or A298, which are likely to confer resistance to the inhibitor.
3CLpro mutant viruses are resistant to GRL-001. To determine if the mutations detected in the plaque-purified isolates are responsible for resistance to GRL-001, we used a site-directed mutagenesis approach and MHV reverse genetics to engineer isogenic isolates of MHV-A59 with mutations in 3CLpro (38) . Engineered MHV isolates encoding 3CLpro substitutions were generated and designated MHV-T26I, MHV-D65G, MHV-T26I/D65G, and MHV-T26I/A298D. These mutant viruses were subjected to plaque purification, and engineered mutations were verified by sequence analysis of nsp5. The sensitivity of these mutant viruses to GRL-001 was analyzed using an antiviral-activity assay, and the EC 50 was determined for each genotype (Fig. 2 ). Compared to WT virus, we found that the single-mutant viruses T26I and D65G were partially resistant, with EC 50 s of 25.4 Ϯ 4.0 M and 21.3 Ϯ 1.6 M, respectively. In contrast, the double-mutant viruses (T26I/D65G and T26I/A298D) induced significant cytopathic effects in the presence of high concentrations GRL-001 (50 M), indicating that double-mutant viruses have much greater resistance to GRL-001 (EC 50 Ͼ 50 M) than single-mutant viruses ( Fig. 2A and B) . We further determined the effect of GRL-001 on the production of infectious virus (Fig. 2C) . The plaque assay results show that the production of WT MHV infectious particles is significantly reduced in the presence of the inhibitor at 20 M or 50 M. The replication of the single-mutant viruses was not significantly affected at 20 M GRL-001 but was dramatically reduced at 50 M. As expected, the double-mutant viruses replicated to a high titer (ϳ10 5 PFU/ml) even in the presence of 50 M GRL-001. Taken together, the accumulation of these drug-resistant double mutants within 4 passages is consistent with a low genetic barrier for CoV to gain resistance to this 3CLpro inhibitor.
Inhibitor-resistant virus exhibits delayed replicase processing and production of progeny virus. To evaluate the impact of the mutations associated with resistance to the 3CLpro inhibitor GRL-001 on coronavirus replication (fitness cost), we compared the plaque size, replication kinetics, and polyprotein processing of the engineered viruses. We found that the plaques generated by single-mutant viruses were smaller than that of WT virus (ϳ20% less), and double-mutant viruses generated plaques that were significantly smaller than the plaques generated by WT virus (ϳ50% less) (Fig. 3A) . To evaluate replication kinetics, we infected cells with a multiplicity of infection (MOI) of 0.1 and harvested supernatant for plaque assay over a time course of 24 h. We found that single-mutant viruses replicated with kinetics similar to those of WT virus. In contrast, the double-mutant viruses replicated with a significant delay and to a lower titer at 12 h postinfection ( Fig. 3B ) compared to WT virus. In addition, we observed similar results for cells infected with a plaque-purified isolate of resistant MHV, which harbors T26I and A298D mutations (data not shown).
These results indicate that viruses containing 3CLpro GRL-001 resistance double mutations are impaired for replication in cell culture. We hypothesized that the delay in virus replication observed in the double-mutant viruses was due to a delay in 3CLpro-mediated proteolytic processing of the replicase polyprotein. To test this hypothesis, we performed radiolabeling and pulse-chase studies to evaluate the precursor-product relationships in cells infected with WT and double-mutant viruses. The processing of the MHV replicase polyprotein is mediated by papain-like proteases to generate nsp1, nsp2, nsp3, and the p150 intermediate and by 3CLpro to process the p150 intermediate to generate nsp4 to nsp10 from ORF1a and nsp12 to nsp16 from ORF1b (Fig. 4A ). Previous studies have shown that the precursors and products of the MHV replicase polyprotein can be immunoprecipitated by cognate antisera (39) . To identify products generated during replication, we infected DBT cells with either WT or MHV-T26I/D65G and pulse-labeled newly synthesized proteins with [ 35 S]methionine for 30 min from 4.5 h postinfection. Following the pulse, the [ 35 S]methionine was removed and chased by the addition of excess unlabeled methionine in the medium. Cells were harvested and lysates prepared and subjected to immunoprecipitation with antibodies directed against nsp5 and nsp8. The products of the immunoprecipitation were analyzed by electrophoresis and visualized by autoradiography. We observed a delay in the accumulation of nsp5 and nsp8 in MHV-T26I/D65G-infected cells ( Fig. 4B and C). In WT-infected cells, the nsp5 and nsp8 products are detected 30 min into the chase, whereas in the cells infected with the double-mutant virus, the nsp5 and nsp8 products were detected at 60 min into the chase. In addition, we observed a similar pattern of processing in cells infected with a plaque-purified isolate of resistant MHV, which harbors T26I and A298D mutations ( Fig. 4D and E) . Therefore, viruses resistant to GRL-001 are delayed in 3CLpro-mediated processing during virus replication. Taken together, these data suggest that although the genetic barrier of MHV resistance to the inhibitor GRL-001 is low, the fitness cost is high.
GRL-001 protease inhibitor resistant virus is highly attenuated in mice. Our results demonstrating the delayed processing and replication kinetics associated with resistance to GRL-001 led us to hypothesize that this virus might be attenuated in vivo. To test this hypothesis, we infected wild-type C57BL/6 (WtB6) mice intracranially with WT MHV or MHV-T26I/D65G at 600, 1,200, and 3,000 PFU per mouse and analyzed weight loss to evaluate pathogenicity. Mice reaching 25% weight loss were euthanized according to our protocol. We found that mice infected with 600 PFU of WT MHV succumbed to infection by day 7. In contrast, mice infected with up to 3,000 PFU of MHV-T26I/D65G showed transient weight loss but never succumbed to infection (Fig. 5A) . The estimated 50% lethal dose (LD 50 ) of MHV-T26I/D65G is greater than 3,000 PFU, which indicates the GRL-001-resistant virus is greatly attenuated compared to WT virus (Fig. 5C ). These results indicate that treatment with the 3CLpro inhibitor GRL-001 selects for viruses that exhibit delayed processing and replication kinetics and which are highly attenuated in animals.
Type I interferon (IFN) signaling is crucial for controlling MHV infection, and type I IFN receptor knockout (IFNAR Ϫ/Ϫ ) mice are exquisitely sensitive to MHV infection (41) . To further evaluate the pathogenicity of MHV-T26I/D65G and minimize the contribution of host immune response to the attenuation of the virus, we inoculated IFNAR Ϫ/Ϫ mice intraperitoneally with 50 PFU of WT MHV or MHV-T26I/D65G and monitored for weight Antiviral-activity assay reveals range of sensitivities to GRL-001. DBT cells were infected with virus at an MOI of 1, followed by addition of GRL-001 at the indicated concentrations. Cells were evaluated for viability using the cell titer Glo assay at 24 h postinfection. (B) EC 50 s of WT and 3CLpro mutant viruses were calculated based on the results of the antiviral-activity assay. (C) Production of WT and mutant viruses produced in the presence of 3CLpro inhibitor GRL-001. DBT cells were incubated with viral inoculum for 1 h, and then the medium was replaced with fresh medium containing DMSO or GRL-001 inhibitor at 20 M or 50 M and cells were incubated for 17 h. The infectious virus titer in the supernatant was determined by plaque assay on DBT cells. loss. We found that mice infected with WT virus succumbed to infection by day 3. In contrast, MHV-T26I/D65G-infected mice survived significantly longer than WT MHV-infected mice (P ϭ 0.0052) (Fig. 5B) . These results further document the attenuation of MHV-T26I/D65G in the highly sensitive IFNAR Ϫ/Ϫ mouse model.
3CLpro-T26I/D65G exhibits reduced enzymatic activity and sensitivity to GRL-001. To further characterize 3CLpro resistance, WT and T26I/D65G mutant forms of 3CLpro were expressed in Escherichia coli and purified for in vitro analysis. The apparent rate constants for enzymatic catalysis (k app ) for both WT and 3CLpro-T26I/D65G were determined at ambient temperature (25°C) and 37°C (Fig. 6A ) by determining the initial rate of the reaction using a fluorescence resonance energy transfer (FRET)-based substrate termed UIVT3, which contains a 3CLpro consensus cleavage site. The initial rate of the reaction was determined as a function of UIVT3 substrate by monitoring the fluorescence intensity over time. The slopes of the best-fit lines in Fig.  6A are k app . We found that 3CLpro-T26I/D65G exhibits 50% less activity than the WT, with k app s of 0.43 Ϯ 0.01 M Ϫ1 min Ϫ1 for 3CLpro-WT and 0.24 Ϯ 0.009 M Ϫ1 min Ϫ1 for 3CLpro-T26I/ D65G at 25°C and 0.54 Ϯ 0.04 M Ϫ1 min Ϫ1 for 3CLpro-WT and 0.27 Ϯ 0.009 M Ϫ1 min Ϫ1 for 3CLpro-T26I/D65G at 37°C (Fig.  6C) . These data indicate that the T26I/D65G mutant is less efficient at catalyzing hydrolysis of the UIVT3 substrate, which correlates with impaired trans-cleavage activity of 3CLpro. Thus, the decreased catalytic activity of the T26I/D65G mutant likely contributes to the delayed polyprotein processing observed in the pulse-chase analysis.
To directly test if the mutations in 3CLpro confer resistance to GRL-001, we determined the IC 50 s of GRL-001 for 3CL-pro-WT and 3CLpro-T26I/D65G at ambient temperature and 37°C (Fig. 6B) . The inhibition of the 3CLpro by GRL-001 as a function of GRL-001 concentration was determined, and the data were fit to a dose-response curve to obtain the IC 50 s. We observed that the IC 50 s of GRL-001 for WT and T26I/D65G 3CLpro were 172 Ϯ 42 nM and 1,100 Ϯ 110 nM, respectively, at 25°C and 186 Ϯ 19 nM and 1,500 Ϯ 220 nM, respectively, at 37°C (Fig. 6C) . These results demonstrate that 3CLpro-T26I/ D65G is about 6 to ϳ8 times more resistant to GRL-001, which is in accordance with the insensitivity of MHV-T26I/D65G to this inhibitor (Fig. 2) .
Analysis of the mechanism of resistance of 3CLpro-T26I/ D65G to GRL-001. GRL-001 functions as a competitive substrate of 3CLpro and therefore forms various covalent intermediates by reaction with the catalytic cysteine (Cys 145 ) throughout the hydrolysis process. Upon completion of inhibitor hydrolysis, the GRL-001 hydrolysis products are liberated from the 3CLpro active site and the free thiolate of the catalytic cysteine is regenerated. A detailed mechanism of GRL-001 hydrolysis is shown in Fig. 7A . By monitoring the "rebound" or restoration of the enzymatic activity of 3CLpro-WT and 3CLpro-T26I/D65G after a completed reaction cycle (release of item VI in Fig. 7A ), we could evaluate the efficiency of GRL-001 hydrolysis and activity restoration. Purified 3CLpro-WT and 3CLpro-T26I/D65G were incubated with two equivalents of GRL-001 at the appropriate temperature, and their activities were measured over the course of 6 h. The UIVT3 substrate was added at specific time points, and the initial rates were measured to assess the percent remaining activity of inhibited versus uninhibited enzyme (or free enzyme). We found that at 25°C, 3CLpro-WT exhibited a rapid reduction of activity at early time points and enhanced activity toward UIVT3 substrate hydrolysis at late time points, indicating efficient initial inhibition by GRL-001 followed by relatively fast restoration of activity of WT enzyme. In contrast, 3CLpro-T26I/D65G was not inhibited as efficiently by GRL-001 at early time points. Interestingly, enzymatic activity was not restored over the time course of 6 h, indicating that in the absence of coincubation with the UIVT3 substrate, GRL-001 is an effective inhibitor of 3CLpro-T26I/D65G (Fig. 7B) . At 37°C, 3CLpro-T26I/D65G exhibited some evidence of activity restoration, but it was again substantially slower than 3CLpro-WT (Fig. 7C) . These results demonstrate that in the absence of coincubation with the UIVT3 substrate, 3CLpro-T26I/D65G possesses less esterase activity toward GRL-001 and exhibits delayed restoration of enzymatic activity relative to 3CLpro-WT. These results are consistent with a change in a rate-limiting step(s) associated with the acetylation and deacetylation steps of the 3CLpro-catalyzed reaction via introduction of the T26I/D65G double mutant. The rate of the acetylation (steps a and b in Fig. 7A ) appears to decrease slightly upon mutation, whereas the rate of deacetylation (steps c and d in Fig. 7A ) is substantially decreased.
DISCUSSION
Our understanding of the potential outcomes after treatment with viral protease inhibitors benefits from the years of study of pro- tease inhibitors directed against HIV and hepatitis C virus (HCV). The simultaneous use of three distinct inhibitors to HIV (termed highly active antiretroviral therapy [HAART]) maximizes the therapeutic benefit and reduces the incidence of resistant strains (1) . Studies using protease inhibitors directed against HCV NS3/4A protease, termed direct-acting antivirals (DAAs), have evaluated the genetic barrier and replicative cost of resistance (reviewed in reference 2). Initial studies of HCV protease inhibitors using viral replicons suggested that although the genetic barrier to resistance is low (i.e., resistant mutants are viable and are rapidly selected), the cost of resistance was high, with reduced levels of replication (42) (43) (44) . Recent studies using two antivirals (one protease inhibitor and one RNA polymerase inhibitor) suggest that for HCV, double-drug therapy may be sufficient to "cure" HCV infection (45) (46) (47) . Indeed, the use of DAAs for HCV has revolutionized the treatment of HCV-infected patients. For infections with coronaviruses, such as the recently emerged MERS-CoV, it is unclear if single-, double-, or triple-drug therapy may be required to provide therapeutic benefit. Because coronaviruses encode multiple proteases, such as 3CLpro and PLP, and multiple enzymatic activities, such as helicase and polymerase, there are certainly sufficient distinct targets for therapeutic development.
Low genetic barrier but high cost of resistance to 3CLpro inhibitor GRL-001. During the evaluation of resistance to protease inhibitors, it is important to determine if there is any genetic barrier to resistance, i.e., whether the inhibitor-resistant virus is viable. For MHV, we identified a quasispecies of resistant mutants within four passages in cell culture (Fig. 1 ). This suggests that the barrier to the development of resistance to GRL-001 is low, as resistant mutants accumulate rapidly under selective pressure. The identification of single and double mutants provided the opportunity to analyze the effect of each site for the ability to confer resistance to the inhibitor. Interestingly, two mutations within 3CLpro were required to confer full resistance to the inhibitor (Fig. 2) . The fact that these double mutants were the predominant population within 4 virus passages illustrates the low genetic barrier to resistance. The next issue is then to determine the "cost" of resistance for virus replication and pathogenesis. We found that the inhibitor-resistant viruses were delayed in replication, proteolytic processing, and production of infectious virus (Fig. 3 ). An important consequence of this defective replication is that the inhibitor-resistant virus is highly attenuated in mice (Fig. 4 ). This indicates that resistance to GRL-001 comes at the cost of replication efficiency and pathogenesis. These studies were performed with virus selected in cell culture in the presence of GRL-001. Studies are in progress to develop analogs of GRL-001 that can be administered in animal studies. It will be important to determine if similar or distinct viruses are selected in mice treated with analogs of GRL-001 and if the inhibitor-resistant viruses contribute to pathogenesis.
Modeling "resistance" onto 3CLpro. Structural studies would facilitate our understanding of the mechanism of resistance to GRL-001. However, the structure of MHV 3CLpro has not yet been solved. Structures are available for seven different coronavirus 3CLpro domains (27) (28) (29) (30) (31) in the Protein Data Bank (PDB). Even though the amino acid identities of these seven 3CLpros range from 40 to 80% (Fig. 8A) , the structures are highly conserved. The structures of SARS-CoV 3CLpro bound with inhibitors have been intensively investigated, providing substantial information of enzyme folding, maturation, and inhibitor design C57BL/6 (WtB6) mice succumb to wild-type MHV (WT) but survive infection with mutant MHV (T26I/D65G). Four-week-old wild-type C57BL/6 mice were intracranially infected with 600 PFU of the WT (n ϭ 5) or MHV-T26I/ D65G mutant (n ϭ 5). (B) Pathogenesis of MHV-T26I/D65G is delayed compared to that of WT MHV in highly susceptible type I IFN receptor knockout (IFNAR Ϫ/Ϫ ) mice. Fourteen-week-old IFNAR Ϫ/Ϫ mice were intraperitoneally inoculated with 50 PFU of the WT (n ϭ 6) or MHV-T26I/D65G (n ϭ 6). Body weight loss was monitored daily. The statistical differences in survival were analyzed by Prism 5 software using the log rank test. (C) Morbidity and mortality in C57BL/6 mice following intracranial administration of WT and MHV-T26I/D65G. p.i., postinfection. (23, 27, 28, 33, 48, 49) . Zhao et al. reported the crystal structure of HKU1 3CLpro (29) , which is most similar in amino acid sequence to MHV. We further modeled the resistance residues T26, D65, and A298 onto the structures of HKU1 and SARS-CoV 3CLpros (Fig. 8B) . The modification of these sites suggests that the T26I substitution may affect the binding of the substrate and inhibitor within the active site (27, 29) . The fact that threonine at this position is highly conserved among the beta-coronaviruses (Fig. 8A) suggests that there may be limited flexibility in this position for optimal protease activity. Our in vitro protease activity data indi-FIG 6 T26I/D65G MHV 3CLpro has reduced enzymatic efficiency and is not efficiently blocked by GRL-001. The enzymatic efficiency (k app ) (A) and inhibition by GRL-001 (IC 50 ) (B) of both WT and T26I/D65G 3CLpro were determined at ambient temperature (25°C) and 37°C. (A) The initial reaction rates (V i ) were determined by calculating the initial slope of the progress curve, which was then converted to the amount of product (M) produced per minute using the experimentally determined value of the fluorescence extinction coefficient for UIVT3. Plotting Vi/[E] versus [UIVT3] gave a linear correlation, the slope of which was taken to be the k app . (B) The inhibition of the 3CLpro by GRL-001 was monitored by following the change in RFUs over time, using the initial slope of the progress curve to determine the initial rate. The percent inhibition of the 3CLpro enzymes was then plotted as a function of inhibitor concentration. (C) k app and IC 50 s were determined using the nonlinear regression program SigmaPlot. cate that the T26I/D65G substitutions decrease enzymatic efficiency and reduce the off-rate of the substrate. We speculate that the side chain of residues D65 or S65 may affect the local conformation surrounding ␣-helix A of 3CLpro domain 1 (amino acids [aa] 1 to 100) and thereby the conformation at the catalytic site ( Fig. 8B) . Structural studies are needed to fully evaluate this issue. Determining if these two mutations confer resistance to GRL-001 in other emerging CoVs needs to be investigated.
The role of A298D substitution in conferring resistance to GRL-001 is currently unclear. A298 of MHV 3CLpro is located at the tail of domain 3 (aa 201 to 303) and is not conserved among coronaviruses. However, the ␣-helix tail of D3 has been shown to be critical for catalytic activity and enzyme dimerization (49) (50) (51) (52) . The substitution of A298D may alter the conformation of at the ␣-helix tail and thereby impair catalysis. In the present study, the double-mutant MHV (T26I/A298D) has an increased EC 50 compared to that of the T26I single-mutant MHV, suggesting that the A298D mutation also affects inhibitor binding. Overall, our results support a model whereby an altered interaction with substrate and inhibitor likely contributes to both resistance to GRL-001 and less efficient proteolytic processing of the replicase polyprotein.
Implications for therapeutic potential of 3CLpro inhibitors.
This study is the first to describe the genotypes and pathogenesis of an inhibitor-resistant coronavirus. We show that the inhibitorresistant virus is attenuated both in cell culture and in infected mice. To further advance the field, more structural information is needed to fully define the inhibitor binding site and to determine the molecular basis of drug resistance. Structural studies of HCV NS3/4A inhibitor-resistant mutants revealed the unique molecular basis of resistance to distinct inhibitors and emphasized how inhibitor binding simultaneously interfered with the recognition of the viral substrates (53, 54) . These studies revealed that drug resistance mutations were frequently associated with residues at the edge of the substrate/inhibitor binding pocket. Mutations at the edges of the substrate binding pocket may be tolerated, although virus replication may be attenuated. Mutations that confer resistance by altering the binding pocket itself may be nonviable because of an inability to interact with the viral polyprotein substrate. Therefore, efforts directed at defining the substrate binding site and generating inhibitors that directly compete with substrate binding without extending outside the binding pocket may be the most efficacious.
Our studies have important implications for the development of therapeutics against existing and emerging coronaviruses in humans. Recently, additional broad-spectrum coronavirus inhibitors have been identified by screening existing drugs for their ability to block the replication of MERS-CoV, SARS-CoV, and other CoVs (55) (56) (57) . Three compounds, imatinib mesylate, gemcitabine hydrochloride, and chlorpromazine hydrochloride, were identified in two independent studies (55, 57) . Currently the targets for these compounds in CoV-infected cells are unclear, and these drugs may impact host cell rather than viral targets. Regarding viral targets, further study of protease inhibitors and protease inhibitor-resistant mutants selected in cell culture and studies of drug selection in animals are needed to determine if similar or distinct mutants are selected and if the viruses selected in animals are as attenuated as the viruses selected in cell culture.
